Proposed as neotype strains of their respective species are the following:
According to the description of Cellulomonas Bergey et al. (1) given by Clark (7, 8) over 25 years ago, this genus includes only aerobic, nonsporeforming, cellulose-utilizing bacteria which produce acid from glucose. Since that time, several studies have been carried out to characterize these organisms in greater detail. Except for the more recent investigations of Seiler et al. (33) and Jones (19), the numerical taxonomy studies on these organisms (e.g., Da Silva and Holt [ll], Davis and Newton [12], Stuart and Pease [37] , and Bousfield 131) were restricted to a very limited number of strains and led to contradictory results. Some of the strains investigated by these authors were placed in other genera of the family Corynebacteriaceae even though they were strongly cellulolytic.
In the present study, most of the currently available strains of Cellulomonas were characterized according to the type of peptidoglycan of their cell wall (14), the guanine plus cytosine (G+C) content of their deoxyribonucleic acid (DNA) (41), the fermentation pattern the serological properties (4). With respect to these characters, a relatively high degree of uniformity was noted with these strains. However, differences between the named species could clearly be demonstrated despite the fact that only one species was recognized in the last edition of Bergey's Manual (19), namely, Cellulomonas flavigena. In this paper the phenotypic characters of 10 reference strains, including seven proposed neotype strains, assigned to eight different named species are compared with the DNA-DNA homology data from these strains. The evidence indicates that the recognition of at least seven species in the genus Cellulomonas is justified. tests were carried out aerobically at 30°C in this medium prepared without agar. The basal medium for the utilization of carbohydrates and organic acids contained no glucose. Filter-sterilized solutions of test substrates were added to a final concentration of 0.5%. For mass cultures, a semisynthetic medium prepared as described by Morris (30) was used. Some slowgrowing strains were found to grow more rapidly when Merck multivitamin solution (0.2 ml/liter) was added to the medium.
MATERIALS AND METHODS

Bacterial
For the isolation of unlabeled and labeled DNA, the organisms were grown in 2 liters of medium in 5-liter Erlenmeyer flasks and in 300 ml of medium in 1-liter Erlenmeyer flasks, respectively.
Physiological tests. Carbohydrate utilization was tested by descending paper chromatography. Samples of growing cultures, taken every other day for 14 days, were centrifuged, and 5 p1 of the supernatant was applied to Whatman no. 1 paper. A 5-pl portion of uninoculated medium served as a control. Samples were chromatographed in a mixture of bdtanol-pyridine-glacial acetic acid-water (60:40303) for 12 h. After drying, chromatograms were developed with Trevelyan reagent (39). A reduction or disappearance of the carbohydrate spot indicated a partial or complete oxidation of the carbohydrate. Acetic acid was determined enzymatically by the method of Holz and Bergmeyer (la), and L-lactic acid was determined by the procedure of Hohorst (15) . Ammonia production from peptone was tested for in a broth containing no glucose. After 3 and 8 days of incubation, 0.1 ml of Nessler reagent (Merck) was added to 0.2 ml of the culture; a yellow or orange color was scored as a positive result. Nitrate reduction was determined in a medium containing 0.2% KN03. Every other day, 0.3-ml samples were tested with Gries Ilosvaye reagent (Merck) by the method described by Cowan and Steel (9) for the presence of nitrite. After 14 days, negative tests were confirmed by adding zinc dust to reduce the residual nitrate to nitrite and by then observing a positive reaction for nitrite. The electrophoretic mobility of L-lactate dehydrogenase (EC 1.1.1.27) was determined by the method of Maurer (27) modified by using glycyl-glycine buffer (31), pH 7.4. Protein was detected by staining by the procedure of Weber and Osborn (40) . Rabbit muscle L-lactic dehydrogenase isoenzyme I (Boehringer, Mannheim, West Germany) served as a reference.
DNA hybridization (i) Preparation of the DNA.
Cells were harvested from the late log phase, washed twice in saline ethylenediaminetetraacetic acid (EDTA) buffer (0.15 M NaCl, 0.1 M EDTA, pH 8.0), and lysed by incubation at 37°C for 30 min in the same buffer (15 ml/g of cells) containing 0.05% lysozyme. Total lysis was achieved by adding 2% (wt/vol) sodium dodecyl sulfate. Extraction and purification of DNA were carried out as described by Marmur (25) with slight modifications: the crude extract was made 1 M with respect to NaCl, an equal volume of chloroformisoamyl alcohol (24:l) was added, and the solution was shaken vigorously for 20 min. After centrifugation (20 min at 12,000 X g ) , the clear upper phase was made up to 1% N,N,-cethyltrimethylammoniumbromide (CTAB) by the method of Darby (10) . Upon dilution with distilled water (0.1 volume), the CTAB salts of the nucleic acids were precipitated and then collected by centrifugation (20 min at 12,000 X g ) . The pellet was dissolved in 1 M NaC1, and the CTAB was removed by shaking with an equal volume of chloroform. After precipitating the DNA with isopropanol (0.56 volume) and dissolving it in 0.1X SSC (0.015 M NaC1, 0.015 M trisodium citrate), the solution was made up to l x SSC. Ribonucleic acid was digested for 12 h at 37°C by the addition of 50 pg of ribonuclease per ml. To remove protein which resisted the earlier CTAB step and the chloroform deproteinization, the solution was treated with a proteinase K (50 pg/ml) for\l2 h. Labeled DNA was extracted from cells which were cultivated in a medium containing 1 mCi of ["Hlthymidine per 300 ml of broth. Cells were harvested at the end of the log phase. After disruption of the cells with glass beads in a cell mill (Buehler), the purification of DNA was performed as described above. The specific radioactivity of "H-labeled DNA thus obtained ranged between 2 X lo3 and 18 x lo3 cpm/pg of DNA.
The amount of DNA was determined by the method of Burton (6) , in which calf thymus DNA was used as a standard. The puiified DNA was stored in the cold in the presence of several drops of chloroform.
(ii) Preparation of DNA filter. Denatured DNA was prepared by the method of Bernstiel et al. (2) . A 1-ml amount of DNA solution containing 150 pg of DNA in lx SSC was denatured by adding 1 ml of 1 N NaOH solution and allowing it to stand for 20 min at room temperature. The pH was then neutralized with 8 ml of a buffer solution (1 N NaCl, 1 N HCl, 1 M tris(hydroxymethy1)aminomethane = 2:l:l). The denatured DNA solution was passed at moderate speed (1 ml/3 min) at low temperature (3°C) through a nitrocellulose membrane filter (25- 29, 1979 TAXONOMY OF CELLULOMONAS 275 tion conditions. Binding efficiency was determined by comparing the absorbance at 260 nm of the DNA solution before and after passage through the filter. Filters were air dried overnight at room temperature and then placed in a vacuum oven for 4 h at 80°C. The filters were stored at 4°C in a desiccator containing calcium chloride. For the experiments, eight small filters (5-mm diameter), each containing 7 to 12 pg of DNA, were cut out of one filter.
(iii) Hybridization procedure. For fragmentation, the DNA was sheared three times in 0.1X SSC by passage through a French pressure cell at 20,000 lb/in'. The denaturation of the labeled DNA was carried out by boiling the DNA (10 pg/ml of 0.1X SSC) three times at 106°C in closed Pyrex tubes in an oil bath. The procedure for DNA-DNA hybridization followed that of McConaughy et al. (29) with slight modifications. Filters with immobilized DNA were preincubated in the mixture described by Denhardt (13) and made up with 3X SSC. After 4 h of incubation at the hybridization temperature, the solution was removed by aspiration and replaced by the reaction mixture, which consisted of 0.5 pg of denaturated labeled DNA in 200 pl of 3~ SSC-formamid (5oo/o). Incubation was for 48 h at 47°C. At the end of the incubation period, the filters were washed three times with cold 3x SSC, dried in a vacuum oven at 70"C, and placed in 4 ml of scintillation fluid { 3 g of PPO [2,5- , and C. udu ATCC 491 (= DSM 20107 = NCIB 8200) are strains on which the original descriptions of the species were based. However, in the absence of definite proof linking these strains to the original descriptions, they are here proposed as the neotype strains of their respective species. Their characters conform both to those given in the original descriptions and to those of the current concept of the species with which they are associated.
Phenotypic characters. The phenotypic characters determined for the strains were as follows.
Colony morphology. On yeast extract-glucose agar, all strains formed smooth, glistening, white or yellow colonies about 5 mm in diameter (see Table 1 ). Cell morphology. In young broth cultures, the cells were typically coryneform in appearance ( Fig. 1 to 4 ) with snapping division (Vforms). After several days, most strains exhibited a more or less drastic morphological transformation into shorter rods or even coccoid cells, as described in Bergey ' s Manual, eighth edition. The transformation was most distinct in C. cartalyticum DSM 20106 (Fig. 1A and B) , C. uda DSM 20109 ( Fig. 2A and B) , and Cellulomonas sp. DSM 20108 (not shown), was less pronounced in the strains of C. flauigena ( Fig. 3A and B), C. fimi, and C. ceZlasea (not shown), and was almost missing in C. biazotea DSM 20112 ( Fig. 4A and B) . Cell morphology occasionally varied significantly between different strains of the same species, as exemplified by the two strains of C. fimi investigated. Many more strains of each species wiU have to be studied to determine whether cell morphology can be used taxonomically as a species-specific character. Gram stain. There are conflicting opinions concerning the Gram-reaction of Cellulomonas species (19). Smears of log-phase cells of all of the strains under investigation were stained for 2.5 min with crystal violet, treated with iodine for 60 s, and were then decolorized with 96% ethanol for 3, 6, 9, 30, 60, or 120 s. Afterwards the smears were stained with safianine for 15 s. After decolorization for 9 s, 100% of the cells were gram-positive, whereas after 30,60, and 120 s of decolorization, 90,0-10, and 0% of the cells were gram-positive, respectively. Cells of Escherichia coli K-12 and Lacobacillus plantarum DSM 20174 served as controls 14 days (B) of incubation. Fig. 1,  C. cartalyticum; Fig. 2, C. uda; Fig. 3, C. flavigena; Fig. 4 Motility. Motility was observed in some of the Cellulomonas strains, and the occurrence of motility was generally in accord with that noted in the original description of these organisms (22, 23, 28). Too few strains have been investigated, however, to permit the determination of whether motility is a strain-or species-specific characteristic. In some cases motility depended upon the medium. Cells of C. subalbus DSM 20110 were motile only when glucose was omitted from the medium, and C. biozatea DSM 201 12 lost its motility after a few transfers when the medium was prepared with distilled water but remained motile when tap water was used.
Metabolism. In agreement with the observation by Keddie (19), all cellulomonads studied showed excellent growth under aerobic conditions and much reduced growth under anaerobic conditions. All of the strains formed acetic acid and I,(+)-lactic acid from glucose in variable amounts. Under aerobic conditions the acids were either partially or completely consumed before all of the glucose was consumed.
Acetate was utilized by all of the strains except the two strains of C. fimi. L(+)-lactate was utilized by most of the strains, but it was not used by the strains of C. flauigena, C. gelida, and C. uda (Table I) , although it was formed by the latter strains during glucose breakdown. None of the strains utilized D(-)-lactic acid. Although glucose can be utilized by all of the strains, gluconate, ribose, and raffinose were rarely utilized and thus may have taxonomic significance. C. biazotea DSM 20112 was the only strain which utilized raffinose, and C. flauigena DSM 20109 and C. cartalyticum DSM 20106 utilized ribose and gluconate, whereas all of the other strains did not. Nitrate reduction was a characteristic common to all of the strains. Ammonia was liberated from peptone by all of the strains with the exception of those of C. cellasea and C. flauigena ( Table 1) . Electrophoretic mobility of L-lactate dehydrogenase. Three electrophoretically distinct types of L-lactate dehydrogenase were detected in the various strains ( Table 1) . Although the migration indexes of the L-lactate dehydrogenases of C. gelida DSM 20111 and C. flauigena DSM 20109 (1.04) and C. uda DSM 20107 and C. fimi DSM 20113 (1.07) are very similar, the two forms could be clearly differentiated by co-electrophoresis. No L-lactate dehydrogenase activity could be found after electrophoresis in the case of the strains of C. biazotea and C. cellasea, although both strains formed L( +)-lactic acid from glucose during growth.
Cell wall composition. Three different types of peptidoglycan were found in the cell walls of the strains investigated (14, 35) . The sugar composition of the cell wall polysaccharides also showed strain variation ( Table 1) .
The three peptidoglycan types are different with respect to the diamino acid of the peptide subunit, which is ornithine in all of the strains but C. Therefore, cell walls were again prepared for study from each batch of cells used for the DNA-DNA homology studies reported below. The peptidoglycan structure was established by determining molar ratios of the amino acids and amino sugars and by running two-dimensional paper chromatograms of the partial hydrolysates of the isolated cell walls (32). The peptidoglycan types found were the same as those reported earlier by Fiedler and Kandler (14) and are listed in Table 1 The most common neutral cell wall sugar of the cellulomonads is rhamnose; it is present in strains of all species except C. uda and C. gelida. The other sugars occur in strains of one or two species only. Our results, except for those on C. biazotea DSM 20112 (= NCIB 8077), are in good accord with those published by Keddie et al.
(21).
Although we found that the walls of this strain contain galactose but no mannose, Keddie et al. (21) found mannose but no galactose. It remains to be determined whether the sugar composition is a significant taxonomic character at the species level or whether it varies from strain to strain, as indicated by the presence of glucose in only one of the two strains of C. fimi investigated. To some extent the cell wall sugar composition may also depend upon the medium. Keeping these restrictions in mind, the sugar composition may be a valuable character to distinguish species since variation in the cell wall sugars is usually rather limited, On the basis of the phenotypic characters listed in Table 1 , it seems justified in this case to distinguish seven species which differ from each other by at least six characters. The only exception is the pair C. gelida and C. uda, which differ from each other only with respect to motility, the amount of cell wall glucosamine, and the type of L-lactate dehydrogenase. However, the DNA-DNA homology between the two species is only about 50% ( Table 2) . Thus, these two species are more closely related to each other than they are to other species, but nevertheless their separation into two distinct species is justified. In our hands, C. flavigena DS exhibited the same physiological and biochemical characteristics as C. gelida DSM 20111 and had only a few characteristics in common with strain (DSM 20109) of C. pavigena. On the basis of these results, C. flavigena DS is here regarded as a strain of C. gelida. cellulomonads (3, 17, 38, 41) were supplemented by our own determinations ( Table 1) . The values are very similar for all strains and do not allow differentiation of species. Minor differences in the DNA G+C content (2 to 4 mol%) for the same species investigated by different laboratories may be due to the methods used rather than to actual differences in the strains.
Genetic characters. (i)
The uniformity of the G+C contents of the DNAs of the cellulomonads indicates on one hand that these organisms are closely related and on the other that they differ from other coryneforms, such as corynebacteria and arthrobacters. The G+C contents of the DNAs of the latter are usually significantly lower (by about 10 mol%) than those of the former.
(ii) DNA-DNA homology. Labeled and unlabeled DNAs were prepared from each of the strains except C. flavigena DSM 20109 and Cellulomonas sp. DSM 20108, from which only unlabeled DNA was prepared. Representatives of other coryneform genera, namely Arthrobacter, Corynebacterium, and Brevibacterium, were included in this experiment.
In the homologous system the average efficiency of renaturation in the DNA hybridization experiments was 40.4%. The results of these experiments are summarized in Table 2 .
Cellulomonas fimi (McBeth and Scales) Bergey et al. 1923. Both strains of C. fimi studied showed a high DNA homology with each other (91% and 103%, respectively) as is to be expected for strains of the same species. All other strains yielded homology values of between 13 to 39% with C. fimi DNA except for the strain of C. biazotea, which had values of about 50%. Following the opinion of Steigerwaldt et al. (36) that the lowest level of DNA homology between strains of a species should be set at 65%, C. fimi and C. biazotea appear to be related but clearly distinct species. This conclusion is confirmed by the limited differences in the phenotypic characters ( Table 1) Cellulomonas cartalyticum (Stackebrandt and Kandler 1979). Of the strains studied, C. cartalyticum DSM 20106 was the most distantly related to any of the other strains because its DNA homology with any other strain was not higher than 20%. This finding is also compatible with the many phenotypic differences found between this strain and the others ( Table 1) .
The results of a numerical taxonomy study (33) have led to the proposal that C. cartalyticum be excluded from the genus Cellulomonas.
In fact, the cell wall peptidoglycan of C. cartalyticum DSM 20106 is identical with that of some other non-cellulolytic coryneform organisms (35). However, the relatively high (20%) DNA homology with all of the other Cellulomonas species, the very high G+C content, and the cellulolytic activity argue against the exclusion of this species from Cellulomonas.
If C. cartalyticum DSM 20106 was a member of another genus, a DNA homology of less than 10% would be expected for this strain with the cellulomonads, for this is the value shown for C. cartalyticum with Arthrobacter globiformis DSM 20124, the type strain of the type species of the genus Arthrobacter.
Also A. atrocyaneus DSM 20127, although exhibiting a similar DNA G+C content to that found in cellulomonads (70%), shares very low DNA homology with any of the Cellulomonas strains tested (4 to 8%).
In summary, the determination of the DNA homologies between the type or proposed neotype strains of most of the named species of Cellulomonas has shown a relatively high level (20-50%) of genetic relationship within this genus. In contrast, the DNAs of several representatives of other coryneform genera, such as Arthrobacter, Corynebacterium, and Brevibacterzum, showed only little homology with strains of Cellulomonas. The low values of homology (4 to 8%) obtained between cellulomonads and other coryneforms indicate merely the background of the hybridization technique, as is generally found with genetically distant organisms. Thus, Cellulomonas is a well-defined genus, one that is not different from other coryneform genera solely because of its cellulolytic activity.
The proposal by Keddie (19) to recognize only one instead of several (six) species in the genus Cellulomonas-C. flavigena-is now found to be incompatible with the many phenotypic and serological differences (4) and the moderate DNA-DNA homology between the cellulomonas.
